Arginine methylation of histone H3 and H4 plays important roles in transcriptional regulation in eukaryotes such as yeasts, fruitflies, nematode worms, fish and mammals; however, less is known in plants. In the present paper, we report the identification and characterization of two Arabidopsis thaliana protein arginine N-methyltransferases, AtPRMT1a and AtPRMT1b, which exhibit high homology with human PRMT1. Both AtPRMT1a and AtPRMT1b methylated histone H4, H2A, and myelin basic protein in vitro. Site-directed mutagenesis of the third arginine (R3) on the N-terminus of histone H4 to lysine (H4R3N) completely abolished the methylation of histone H4. When fused to GFP (green fluorescent protein), both methyltransferases localized to the cytoplasm as well as to the nucleus. Consistent with their subcellular distribution, GST (glutathione transferase) pull-down assays revealed an interaction between the two methyltransferases, suggesting that both proteins may act together in a functional unit. In addition, we demonstrated that AtFib2 (Arabidopsis thaliana fibrillarin 2), an RNA methyltransferase, is a potential substrate for AtPRMT1a and AtPRMT1b, and, furthermore, uncovered a direct interaction between the protein methyltransferase and the RNA methyltransferase. Taken together, our findings implicate AtPRMT1a and AtPRMT1b as H4-R3 protein arginine N-methyltransferases in Arabidopsis and may be involved in diverse biological processes inside and outside the nucleus.
INTRODUCTION
In the nuclei of eukaryotic cells, chromatin is the physiological template for various genetic processes. The basic unit of chromatin is the nucleosome, which is composed of an octamer of core histone proteins H2A, H2B, H3 and H4 (two copies of each), around which is wrapped 146 base pairs of DNA. Histones contain flexible N-terminal tails that undergo diverse post-translational modifications, including acetylation, phosphorylation, methylation, ubiquitination, ADP-ribosylation and SUMOylation [1] . The pattern of these modifications is proposed to constitute a 'histone code' [2] . During the last few years, the identification and characterization of multiple lysine and arginine methyltransferases has not only highlighted, but also shaped our understanding of post-translational modifications to a more extended level: the 'protein code' [3] [4] [5] [6] [7] [8] .
Although discovered several decades ago, studies on arginine methylation have flourished rather recently. From yeasts to mammals and plants, protein arginine methylation is involved in multiple cellular processes, including transcriptional regulation, DNA damage response, RNA processing, nuclear trafficking, signal transduction, formation of silent chromatin and cell fate determination [9] [10] [11] . The enzymes catalysing arginine methylation, PRMTs (protein arginine N-methyltransferases), transfer methyl groups from SAM/AdoMet (S-adenosylmethionine) to the guanidino nitrogens of arginine residues. All known active PRMTs in mammals catalyse the formation of L-NMMA (N Gmonomethyl-L-arginine). These are classified as type I or type II enzymes on the basis of whether subsequent dimethylation is asymmetric [ADMA (asymmetric ω-N G ,N G -dimethylarginine)] or symmetric [SDMA (symmetric ω-N G ,N G -dimethylarginine)] [12] .
Currently, nine members of the PRMT family have been identified in mammals (designated PRMT1-PRMT9), among which PRMT1 and CARM1 (coactivator-associated arginine methyltransferase 1) represent the type I PRMTs that possess asymmetric methyltransferase activities to histones H4 [8] and H3 [3] respectively, whereas PRMT5/SKB1 (Shk1 kinase-binding protein 1) represents the type II PRMTs that deposit symmetric dimethyl groups on histones H2A, H3 and H4 [13, 14] . The functional consequences of these histone modifications may correlate with either transcriptional activation [3, 8, 15] or repression [16] .
PRMT1, the predominant methyltransferase that accounts for more than 85 % type I methyltransferase activity in mammalian cells and tissues [17] , was initially identified as a TIS21 (PMAinducible sequence 21)-and BTG1 (B-cell translocation gene 1)-interacting protein in yeast two-hybrid screens [18] , and was subsequently shown as a nuclear receptor coactivator, which facilitated transcriptional activation by methylating histone H4 at the third arginine (R3) [8, 15, 19, 20] . Since the growth of embryos from Prmt1 −/− mice was arrested shortly after implantation, PRMT1 must play a critical role in early mouse development [21] . In addition to histone H4, a wide range of non-histone proteins have also been reported as substrates for PRMT1 or HMT1 (heterogeneous nuclear ribonucleoprotein methyltransferase 1;
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Although the roles of H4-R3 asymmetric dimethylation in transcriptional regulation have been well documented in mammals, their function remains largely unknown in plants. Recently, we and another group have independently reported the Arabidopsis PRMT5/SKB1-directed symmetric methylation on histone H4-R3 negatively regulated flowering time by repressing the transcription of FLC (FLOWERING LOCUS C) [30, 31] . In the present paper, we report the identification and characterization of two Arabidopsis thaliana genes, AtPRMT1a and AtPRMT1b, both of which encode the plant homologues of hPRMT (human PRMT) 1. We demonstrate that AtPRMT1a and AtPRMT1b are bona fide type I PRMTs, which asymmetrically methylate histone H4 at R3 and non-histone proteins such as the RNA methyltransferase AtFib2 (Arabidopsis thaliana fibrillarin 2). Our results suggest this pair of methyltransferases may play diverse roles in transcriptional regulation and RNA processing by methylating histones and the RNA methyltransferase AtFib2 respectively.
EXPERIMENTAL

Bioinformatic tools
Database searching was performed using TBLASTN at NCBI (http://www.ncbi.nlm.nih.gov/BLAST/). Multiple alignments of protein sequences were performed with ClustalX and were manually edited with the GeneDoc program. These PCR fragments were digested further and cloned in-frame into the BamHI (GGATCC, underlined) and EcoRI (GAATTC, underlined) sites of pGEX-4T-2 vector (Amersham Biosciences) to generate the GST-AtPRMT1a, GST-AtPRMT1b, GST-AtFib2, GST-AtFib2N 1−150 , GST-H4R3N 1−54 and GST-H4K3N 1−54 GST (glutathione transferase) fusion constructs.
To generate the GFP-AtPRMT1a and GFP-AtPRMT1b GFP (green fluorescent protein) expression constructs, the GSTAtPRMT1a and GST-AtPRMT1b fusion constructs were digested with EcoRI and the cohesive ends were filled-in using Klenow fragment (NEB), then digested with BamHI. The resulting fragments of AtPRMT1a and AtPRMT1b were subcloned into the pAVA321 vector, which was digested using the same strategy, except for the last step, using BglII digestion instead of BamHI.
To generate an MBP (maltose-binding protein)-tagged AtFib2 fusion construct (MBP-AtFib2), fragments of AtFib2 were digested with BamHI and EcoRI from the GST-AtFib2 fusion construct and subcloned into pMal-2 × His-TEV vector. To generate the MBP-AtPRMT1b fusion construct, fragments of AtPRMT1b were digested with SmaI and BamHI and reinserted into pMal-2 × His-TEV vector.
All of the constructs generated above were verified by DNA sequencing.
Preparation of the fusion proteins and methylation assay
The fusion proteins GST-AtPRMT1a, GST-AtPRMT1b, GST-H4R3N 1−54 , GST-H4K3N 1−54 , GST-AtFib2, GST-AtFib2N 1−150 , and MBP-AtPRMT1a were expressed in Escherichia coli strain BL21(RIL) cells, and MBP-AtFib2 was expressed in E. coli strain BL21(DE3) cells, and all were affinity-purified with glutathione-Sepharose beads (Amersham Biosciences). In vitro histone methyltransferase assays were performed as described previously [32] . Labelled proteins were separated by SDS/15 % PAGE and visualized by autofluorography for 48 h.
Isolation of histones from Arabidopsis
Approx. 3 g of leaves from 2-week-old Arabidopsis were homogenized in histone extraction buffer [0.25 M sucrose, 60 mM KCl, 15 mM NaCl, 5 mM MgCl 2 , 1 mM CaCl 2 , 15 mM Pipes, pH 6.8, 0.8 % Triton X-100 and protease inhibitor cocktail (Roche)]. After centrifugation at 10 000 g for 20 min, the pellet was resuspended with 0.4 M H 2 SO 4 , then centrifuged at 22 000 g for 5 min. Then, 12 vol. of acetone were added to the supernatant and left at − 20
• C overnight to precipitated proteins. The proteins were then centrifuged at 8000 g for 15 min and resuspended with 4 M urea to a final volume of 100 µl. All steps were carried out at 4
• C unless specified.
Western blot analysis
Recombinant histone H4, calf thymus histones, calf thymus histones methylated by AtPRMT1a and total histones isolated from Arabidopsis were separated by SDS/15 % PAGE, transferred on to a PVDF membrane (Millipore) and probed with anti-(asymmetric dimethyl-H4R3) (anti-H4R3ame2) antibodies (Upstate) [1:1000 dilution in TBST (0.1 % Tween 20, 150 mM NaCl and 50 mM Tris/HCl, pH 7.5)].
Subcellular localization
GFP-AtPRMT1a-and GFP-AtPRMT1b-expressing plasmids were transiently expressed in onion epidermal cells as described previously [33] . The inner epidermal layers from fresh onions (obtained from a local market) were placed on MS (Murashige and Shoog) basal medium. A 5 µg amount of plasmids containing the GFP-AtPRMT1a or GFP-AtPRMT1b fusion constructs was precipitated on to gold particles and then bombarded on to the onion epidermal cells. The samples were incubated at 23
• C for 24 h in the dark after bombardment. GFP fluorescence was observed and captured using a confocal microscope (Olympus).
GST pull-down assays
Matrix-bound GST-fusion proteins (GST-AtPRMT1a and GSTAtPRMT1b) were incubated with E. coli extracts containing either 
MBP-AtFib2 or MBP-AtPRMT1b at 4
• C for 2 h with constant gentle mixing. The mixtures were centrifuged at 10 000 g for 1 min, and the pellet was washed extensively with modified RIPA buffer (20 mM Tris/HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, 1 % Nonidet P40 and 0.5 % sodium deoxycholate, with 1 mM PMSF and 0.5 mM dithiothreitol added immediately before use). After the final wash, the pellet was resuspended in an equal volume of 2× SDS loading buffer and separated by SDS/10% PAGE. Proteins were transferred on to a nitrocellulose membrane (Amersham Biosciences) and were immunodetected by monoclonal antibodies against MBP.
RESULTS
Identification of PRMT1 homologues in A. thaliana
Using BLAST searches, with the amino acid sequence of the hPRMT1 variant 2 (PRMT1-v2) as a query, we identified two proteins, AtPRMT1a and AtPRMT1b, with the closest sequence homology with human PRMT1-v2. These two proteins bear 58 and 56 % sequence identity with human PRMT1-v2 respectively, and share 78 % identity with and 87 % similarity to each other. Amino acid sequences of PRMT1s from Arabidopsis (AtPRMT1a and AtPRMT1b), yeast (Saccharomyces cerevisiae HMT1), Drosophila [DART1 (Drosophila arginine methyltransferase 1)] and human (hPRMT1) were aligned for comparison (Figure 1 ).
Strong conservation was observed particularly within the characteristic SAM-dependent methyltransferase motifs I, post-I, II and III, as well as the 'double E' loop and THW (Thr-His-Trp) loop throughout the PRMT family. Major variations were presented in the N-terminus, which may reflect their unique substrate specificities.
AtPRMT1a and AtPRMT1b have PRMT activities and specifically methylate histone H4 at R3
Results from bioinformatics analysis prompted us to examine whether AtPRMT1a and AtPRMT1b contain intrinsic PRMT activities. GST-AtPRMT1a and GST-AtPRMT1b fusion proteins were expressed in E. coli and were affinity-purified using glutathione-Sepharose beads. GST was affinity-purified as a negative control. The matrix-bound GST, and GST-AtPRMT1a and GST-AtPRMT1b fusion proteins were then subjected to a methyltransferase assay in the presence of the methyl donor [ 3 H]SAM and the indicated substrates: core histones from calf thymus, oligonucleosomes purified from HeLa cells and myelin basic protein, which was widely used as substrate in arginine methyltransferase assays. After enzymatic reactions, the mixtures were separated by SDS/PAGE (Figures 2A and 2B , upper panels) and visualized by fluorography (Figures 2A and 2B , lower panels). Histone H4 and myelin basic protein were radioactively labelled by GST-AtPRMT1a and GST-AtPRMT1b only, but not by the GST control. In addition, histone H2A was also methylated, albeit (A and B, lower panels) . The corresponding proteins are indicated alongside the panels, and molecular masses are indicated in kDa. Both AtPRMT1a (C) and AtPRMT1b (D) specifically methylate histone H4 at R3. Two forms of recombinant histone H4 (GST-H4R3N 1−54 and GST-H4K3N 1−54 ) were generated as substrates for AtPRMT1a and AtPRMT1b, and were subjected to the arginine methylation assay as described in the Experimental section. After the reaction, the proteins were separated by SDS/15 % PAGE and stained by Coomassie Blue (C and D, upper panels) and visualized by fluorography (C and D, lower panels). The corresponding proteins are indicated on the right of each panel, and molecular masses are indicated on the left in kDa.
to a lower extent compared with histone H4, as reported previously [8] (Figures 2A and 2B , lower panels). Oligonucleosomes were not methylated in this assay, indicating that other cofactors or a proper conformation may be necessary.
Next, we sought to map which sites were subjected to methylation by AtPRMT1a and AtPRMT1b. There are nine arginine residues in the N-terminus of histone H4 (amino acids 1-54, H4N 1−54 ) and R3 is, so far, the only residue on histone H4 reported to be methylated by PRMT1. In this regard, two forms of recombinant substrates were generated: GST fused to the Nterminal peptide covering amino acids 1-54 of histone H4 (GST-H4R3N 1−54 ) and its derivative bearing a mutation at the third arginine to lysine (GST-H4K3N 1−54 ) respectively. Recombinant GST-AtPRMT1a and GST-AtPRMT1b were then incubated with GST-H4R3N 1−54 and the mutated form of GST-H4K3N 1−54 in the presence of [ 3 H]SAM. Fluorography results showed that GST-H4R3N 1−54 was methylated by GST-AtPRMT1a (Figure 2C) and GST-AtPRMT1b ( Figure 2D ), whereas GST-H4K3N 1−54 completely lost its ability to be methylated (Figures 2C and 2D ). This result indicated that R3 is the only arginine residue in the N-terminus of histone H4 methylated by AtPRMT1a and AtPRMT1b in vitro.
Methylation on H4-R3 occurs in vivo
To determine whether endogenous histone H4 is methylated at R3, total histones from Arabidopsis were isolated, and the methylation status of H4-R3 was analysed by Western blotting using anti-(asymmetric dimethyl-H4R3) (anti-H4R3ame2) antibodies. The antibody recognized histone H4 isolated from Arabidopsis well ( 
AtPRMT1a and AtPRMT1b localize to the nucleus and cytoplasm
The substrates of AtPRMT1a and AtPRMT1b varied from nuclear proteins (e.g. histones) to cellular membrane proteins (e.g. myelin basic protein), indicating that AtPRMT1a and AtPRMT1b may function in the both nucleus and cytoplasm. To test this, AtPRMT1a and AtPRMT1b cDNAs were fused in-frame to the 5 -end of GFP under the control of the 35S promoter, and the distribution of these fusion proteins in plant cells was determined by a transient transfection system using onion epidermal cells with particle bombardment. As observed by confocal fluorescence microscopy, GFP-fusion proteins of AtPRMT1a and AtPRMT1b displayed a strong nuclear localization, although lacking the nuclear localization signal. As we had expected, both proteins were also dispersed in the cytoplasm ( Figures 4C and 4E) , similarly to the pattern observed in onion cells expressing GFP alone ( Figure 4A ).This result was compatible with recent findings from hPRMT1 [34] , suggesting that AtPRMT1a and AtPRMT1b may be involved in multiple cellular processes.
AtPRMT1a interacts with AtPRMT1b in vitro
The similar biochemical properties and subcellular distribution between AtPRMT1a and AtPRMT1b suggested that both proteins may be involved in similar physiological progresses. Starting from this premise, a GST pull-down experiment was performed using GST-AtPRMT1a as the 'bait' to pull-down MBP-AtPRMT1b. A direct interaction was demonstrated between AtPRMT1a and AtPRMT1b, as no other signal was detected by an anti-MBP monoclonal antibody in any of the control lanes ( Figure 5) . It was reported that dimerization of hPRMT1 was essential for SAM binding and enzymatic activity, and the dimers further formed an extended oligomer as validated by gel-filtration chromatography [8, 35] . In this regard, our result suggested that hetero-oligomers consisting of AtPRMT1a and AtPRMT1b might be formed as the functional unit in regulating plant development.
Both AtPRMT1a and AtPRMT1b asymmetrically methylate and interact with RNA methyltransferase AtFib2
A previous study has revealed components of the ribonucleoprotein complex such as the human RNA methyltransferase Fib
Figure 5 AtPRMT1a interacts with AtPRMT1b in vitro
Recombinant GST-AtPRMT1a and MBP-AtPRMT1b were expressed and extracted from E. coli respectively. A GST pull-down assay was performed as described in the Experimental section. The bait-prey protein pairs used in the GST pull-down assay are indicated at the top. GST and MBP alone were used as negative controls. A 10 µl aliquot of E. coli cell extract containing MBPAtPRMT1b fusion protein (10 % input) was used. Upper panel: Ponceau S staining of the nitrocellulose membrane demonstrates the amounts of proteins that were transferred. Molecular masses are indicated in kDa. Lower panel: Western blotting using an anti-MBP monoclonal antibody revealed the interaction between AtPRMT1a and AtPRMT1b.
(fibrillarin) as the in vitro substrate of PRMT1 [36] . In the genome of Arabidopsis, there are two genes that encode nearly identical proteins, AtFib1 and AtFib2, which function as homologues with human Fib [37] . Both AtFib1 and AtFib2 share the conserved GAR (glycine-and arginine-rich) domain, RBD (RNA-binding domain) and the α-helix domain in analogy to their human counterpart ( Figure 6A ). To determine whether AtFib2 was a substrate of AtPRMT1a and AtPRMT1b, AtFib2 and its Nterminal region containing the GAR domain (AtFib2N 1−150 , corresponding to amino acids 1-150 of AtFib2) were cloned and expressed as GST-fusion proteins in E. coli. Purified GST-AtFib2 and GST-AtFib2N 1−150 were incubated with GST-AtPRMT1a or GST-AtPRMT1b in the presence of [ 3 H]SAM as previously described. The reaction products were separated by SDS/PAGE and visualized by fluorography. As shown in Figure 6 (B), both AtFib2 and its N-terminal region AtFib2N 1−150 were methylated by AtPRMT1a and AtPRMT1b in vitro, indicating that AtFib2 may be the potential substrate of AtPRMT1. Since GST-AtFib2 fusion protein (approx. 60 kDa) is very sensitive to proteolysis during expression and purification, and is less competitive to acquire [ 3 H]SAM, the level of methylation of fulllength GST-AtFib2 is minimal, the major methylated product (degraded fragments of GST-AtFib2) electrophorese as a broad band ranging from 28 to 36 kDa, as reported previously [38] . Other groups' work has also demonstrated the GST-GAR fusion protein or fusion protein containing the GAR domain such as GST-rpS2 (ribosomal protein S2) are very susceptible to degradation [39, 40] . These fragments are much more competitive to acquire [ 3 H]SAM than full-length GST-AtFib2, which ultimately results in the minimal level of methylation of full-length GSTAtFib2 ( Figure 6B) .
To determine the type of activity that AtPRMT1a and AtPRMT1b catalyse, GST-AtFib2N 1−150 was subjected to Western blotting after a methyltransferase activity assay: the samples were separated by SDS/15 % PAGE and transferred on to nitrocellulose membrane and probed with an antibody specific for asymmetrically dimethylated arginine residues (ASYM24, Upstate). The result demonstrated the presence of asymmetric dimethylation on GST-AtFib2N 1−150 , suggesting AtPRMT1a and AtPRMT1b are type I arginine methyltransferases ( Figure 6C ).
Since human Fib was reported to associate with a subcomplex containing PRMT5, PRMT1, SF2A-p32 (splicing factor SF2-associated protein p32), tubulin α3 and tubulin β1 [41] , we determined to assess whether there existed a direct interaction between AtFib2 and AtPRMT1a/AtPRMT1b. To this end, GSTAtPRMT1a and GST-AtPRMT1b proteins were immobilized on glutathione-Sepharose beads as the 'bait', and the MBP-AtFib2 was expressed as the 'prey' in GST pull-down assays. As detected by Western blotting using monoclonal antibodies against the MBP tag, MBP-AtFib2 was shown to be captured by GST-AtPRMT1a or GST-AtPRMT1b, but not by the GST control ( Figure 6D ), indicating that AtFib2 interacted directly with GST-AtPRMT1a and GST-AtPRMT1b in vitro.
DISCUSSION
In the present study, we have identified two genes encoding PRMTs, AtPRMT1a and AtPRMT1b, in Arabidopsis, both of which exhibit the highest homology with hPRMT1. Phylogenetic analysis of PRMT1s from different species shows that these proteins are highly conserved from yeasts to plants and animals with respect to amino acid sequences and possibly their functions: they all share the signature SAM-dependent methyltransferase motifs I, post-I, II, III and the conserved double E loop as well as the THW loop, and subsequently demonstrate methyltransferase activities when assayed in vitro. The least conserved region among PRMT1s is the N-terminus.
Our biochemical evidence showed that both AtPRMT1a and AtPRMT1b belonged to the type I PRMT and specifically methylated R3 on histone H4, since mutation of this residue to lysine completely abolished the ability of AtPRMT1a and AtPRMT1b to methylate H4 in vitro. Although the in vitro histone methyltransferase assays detected no activity using oligonucleosomes, the basic unit of chromatin as substrate, Western blotting using an antibody directed against H4-R3 does demonstrate the in vivo occurrence of methylation on this site, suggesting that other cofactor(s) or proper structural conformation of the chromatin may be necessary for AtPRMT1a and AtPRMT1b to execute enzymatic activities in vivo. Further investigation concerning global changes in H4-R3 methylation levels of histones extracted from AtPRMT1a/AtPRMT1b double mutants or overexpressing transgenic plants would promisingly uncover the specific catalytic property of AtPRMT1a and AtPRMT1b at this site.
Methylation on histone H4-R3 by PRMT1 has been regarded as a conserved post-translational modification throughout eukaryotes [42] . Besides AtPRMT1a and AtPRMT1b reported in the present paper, there is another arginine methyltransferase that is responsible for the methylation on H4-R3 in Arabidopsis, which is designated as AtPRMT5/SKB1. Notably, AtPRMT5/SKB1-mediated symmetric dimethylation on H4-R3 controls flowering time by repressing the transcription of FLC [30, 31] . Although, in plants, the biological consequence of asymmetric methylation on H4-R3 remains to be elucidated, studies in mammals have provided clues as to the correlation between H4-R3 methylation and transcriptional activation [8, 15, 20] . Given the high conservation in eukaryotic organisms, it is reasonable to speculate that AtPRMT1a and AtPRMT1b may also play essential roles in activating gene transcription. If that is the case, it would be very interesting, since methylation at the same site (H4-R3) brings the opposite biological consequences.
In addition to histone H4, our methylation assays have also revealed histone H2A as a substrate for AtPRMT1a and AtPRMT1b, as reported previously [8] . Histone H2A undergoes post-translational modifications such as phosphorylation and ubiquitination. Phosphorylation of histone H2A has been suggested to correlate with DNA repair [43] and cell-cycle progression [44] , whereas ubiquitination of H2A has been demonstrated to play a role in polycomb silencing [45] and X chromosome inactivation [46] . Although a methylated signal for endogenous histone H2A has not yet been detected, interestingly, H2A harbours the same extreme N-terminus sequence SGRGK as that of H4 and may be also methylated at R3 since methylated H2A could also be recognized by anti-H4R3ame2 antibody [8] . To date, the precise function of histone H2A methylation remains to be clarified, thus obtaining more evidence to support the in vivo existence of arginine methylation on histone H2A and mapping the sites that are subjected to methylation may hopefully address its biological outputs in plants.
Gene duplication is quite a common event during evolution [47] . After gene duplication, divergence may take place in various ways: (i) only one copy functions normally, while the other turns into a pseudogene and loses its function; (ii) both duplicated genes are closely linked and are very similar in function; or (iii) each daughter gene evolves its new functions at different tissues and developmental stages [48, 49] . Since two copies of AtPRMT1 (AtPRMT1a on chromosome 2 and AtPRMT1b on chromosome 4) were identified in the Arabidopsis genome with nearly identical biochemical properties, we analysed the subcellular distribution of these two proteins and revealed that both of them localized to the nucleus as well as to the cytoplasm. This result is consistent with that observed in hPRMT1, indicating that AtPRMT1a and AtPTMT1b may also participate in multiple physiological events by catalysing the methylation of a variety of proteins inside and outside the nucleus. In addition, our GST pull-down experiment demonstrated that AtPRMT1a interacted with AtPRMT1b. Previously, yeast HMT1 and hPRMT1 were reported to exist as hexamers [50] and homodimers or higher-order homo-oligomers [8, 35] respectively. Given the fact that dimerization is essential for methyltransferase activity [51] , we propose these two proteins might potentially form homodimers and further form into heterooligomers as the functional unit, so that the physical interaction can be detected in GST pull-down assays. Further investigations to monitor the expression pattern of AtPRMT1a and AtPRMT1b genes and co-localization of the two proteins might provide much more evidence with regard to whether the hetero-oligomers represent the functional unit in the process of plant development, even though it is not yet clear whether there are any differences in the substrate specificities between AtPRMT1a and AtPRMT1b.
Like their human counterpart hPRMT1, both AtPRMT1a and AtPRMT1b methylate not only the histones, but also other proteins, such as the RNA methyltransferase AtFib2 in vitro. Fib is highly conserved from yeasts to plants and animals that are associated with box C/D snoRNPs (small nucleolar ribonucleoproteins) and directs pre-rRNA 2 -O-ribose methylation, processing and ultimately ribosome assembly [37, 52] . Furthermore, our GST pull-down assay revealed that AtPRMT1a and AtPRMT1b interact with AtFib2 in vitro. This result not only supports the previous finding that human Fib associated with PRMT1 and PRMT5 in a subcomplex [38] , but also demonstrates, for the first time, a direct linkage between the PRMT (AtPRMT1a/ AtPRMT1b) and the RNA methyltransferase (AtFib2) in plants. It is intriguing to dissect whether and how AtPRMT1a and AtPRMT1b affect AtFib2 function via methylating its GAR domain, and how protein methyltransferases collaborate with RNA methyltransferase in the processes of snoRNP assembly and ribosome biogenesis.
